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EDITORIAL REVIEW
Basolateral membrane H/HCO3 transport in renal tubules
A major function of renal tubules is the net transport of acid
from the blood into the luminal fluid. To accomplish this, acid
(H ions) is secreted from cell to lumen across the apical
membrane, and base generated within the cell exits into the
interstitium across the basolateral membrane. Because cell pH
(pHi) is above electrochemical equilibrium in all cells, acid
efflux from cell to lumen requires the input of energy, whereas
base effiux from cell to interstitium can occur passively.
While much attention has been focused on the apical mem-
brane H/HCO3' transport mechanisms, only recently has atten-
tion turned to the basolateral membrane H/HCO3 transport
mechanisms. Whereas a simple H/HCO3 leak would be suffi-
cient for basolateral membrane base effiux, the transport mech-
anisms appear to be more complex. In addition to participation
in transepithelial transport, basolateral membrane transport
mechanisms contribute to the maintenance of cell composition.
In this review we shall describe the present state of knowledge
regarding basolateral membrane H/HCO3 transport mecha-
nisms, and their role in renal acidification and cell homeostasis.
Transport mechanisms
To date there are six basolateral membrane H/HCO3 trans-
port mechanisms that have been identified (Fig. I). Three of
these are energetically favored to run in the base efflux/acid
influx direction [Na:C03:HCO3 (or equivalently Na/3HC03
symport), Cl/HCO3 exchange, and H leak], and three are
poised to drive base into (or equivalently acid out of) the cell
(Na(HCO3)2/Cl exchange, Na/H antiport, and H-translocating
ATPase). Table 1 summarizes the distribution, role in transepi-
thelial H/HCO3 transport, and regulation of these transporters.
Na/3HC03 symporter
The NaJ3HCO3 symporter has been most extensively char-
acterized in the proximal tubule. It was first described in
Ambystoma proximal tubule, and has subsequently been de-
scribed in the mammalian proximal tubule. In this review, we
will briefly describe the symporter, and its regulation; we refer
the interested reader to recently published reviews for more
detailed information [1, 2].
Electrogenicity. Using conventional voltage-sensitive micro-
electrodes in microperfused tubules, a spike depolarization of
intracellular voltage is observed when peritubular perfusate
[HCO3I/pH is lowered [3—7], demonstrating the presence of a
basolateral membrane conductive pathway for H/HCO3. This
'In this review the term 'H/HCO3 transport mechanisms' is meant to
encompass all transport mechanisms which transport H or HCO3.
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cell depolarization is inhibited by 4-acetamido-4'-isothiocy-
anostilbene-2,2'-disulfonic acid (SITS) [4,5,7,81, an anion trans-
port inhibitor.
In agreement with a conductive pathway for H/HCO3 move-
ment, H/HCO3 transport is voltage-sensitive. When proximal
tubule cells were depolarized by increasing peritubular perfus-
ate [K] [7—9], pHi increased [10]. This result is consistent with
either voltage-sensitive H/HCO3 transport or KIHCO3 cotrans-
port. To distinguish between these possibilities, barium (a
blocker of K channels) was used to prevent the cell depolariza-
tion when peritubular perfusate [K] was increased [7—91. In the
presence of barium, increases in peritubular perfusate [K] did
not affect pHi, demonstrating that the K-induced cell alkalin-
ization was secondary to changes in cell voltage [101. Thus, the
basolateral membrane possesses an electrogenic, voltage-sen-
sitive H/HCO3 transport mechanism.
Na-coupling. Evidence exists for coupling between Na and
H/HCO3 in perfused tubules and basolateral membrane vesi-
des. In perfused tubules, when peritubular perfusate [HCO3]/
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Fig. 1. H/HCO3 transport mechanisms on the basolateral membrane.
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Table 1. Basolateral membrane H/HCO3 transport mechanisms
Transport mechanism Location
% Contribution to
basolateral membrane
H/HCO3 permeability
% Contribution to
transepithelial H/HCO3
transport
Regulators of transporter
activity
NaJ3HCO3 symporter PT
cTAL
75
?
>90
?
Peritubular [HCOfl/pH
Cell [Nal/voltage
cAMP/Protein kinase A
Protein kinase C
PTH
Angiotensin II
Chronic acid/base disturbances
Chronic potassium deficiency
Chronic hyperfiltration
?
Na(HCO3)2/CI exchanger PT 20 0 ?
Cl/HCO3 exchanger PT
mTAL
CT: Type A IC
5
?
>90
0
?
>90
?
Changes in cell volume
?
Na/H antiporter S3 PT
JMSIandS2PT
TDL
cTAL
CT:
PC
TypeAIC
TypeBIC
?
?
?
?
?
<10
?
0
0
0
0
0
0
0
Cell acidification
H-ATPase TDL
CT: Type B IC
?
?
0
100
?
?
H-leak PT <2 <5 ?
Abbreviations are: ? = unknown; PT = proximal tubule; JM juxtamedullary; CT = collecting tubule; IC = intercalated cells; PC principal
cells; TDL = thin descending limb of Henle; mTAL = medullary thick ascending limb of Henle; cTAL = cortical thick ascending limb of Henle
pH is lowered, pHi and intracellular Na activity (ar) decrease
[4, 11, 12]. When peritubular Na is removed, pHi decreases [4,
5, 10, 11—141. While these observations are consistent with
direct coupling between Na and H/HCO3, they are also consis-
tent with parallel Na and H/HCO conductive pathways. If
parallel conductances existed, changing peritubular pH or [Nal
would change cell voltage, which would drive transport of the
other ion (Na or H/HCO3).
Two lines of evidence are against parallel conductances as an
explanation for these results. First, complete removal of lumi-
nal and peritubular perfusate Na inhibits the effect of lowering
pes-itubular perfusate [HCO3]/pH on pHi by 90%, demonstrat-
ing that at least 90% of H/HCO3 permeability is Na-dependent
[10, 11]. If parallel conductive pathways were present, com-
plete Na removal should have no effect on HIHCO3 permeabil-
ity. Second, removal of peritubular Na leads to cell depolariza-
tion which is in the wrong direction to drive H into (or HCO3
out of) the cell across a simple conductance [4, 5, 7, 11—131.
Direct coupling between Na and H/HCO3 movement has also
been demonstrated in rat and rabbit cortical basolateral mem-
brane vesicles [15—18]. In these studies, in the presence of
C02/HCO3, an inwardly-directed pH gradient (pH0 > pH1)
drives 22Na uptake [15—181. In addition, using acridine orange to
measure H/HCO3 movement, an outwardly-directed Na gradi-
ent ([NA1 > [Na]0) acidifies the vesicles in the presence of
C02/HCO3 [16]. Once again these results cannot be explained
by parallel conductances, because they persist in the presence
of a voltage clamp [16, 17].
Thus, these studies show direct coupling between Na and
FIIHCO3. While these results are consistent with the well
described, amiloride-sensitive NaIH antiporter, a number of
pieces of evidence are against this: I) the transporter is inhib-
ited by disulfonic stilbenes [SITS and 4,4'-diisothiocyanostil-
bene-2,2'-disulfonic acid (DIDS)] which generally do not inhibit
Na/H antiporters [4, 5, 9, 11—191; 2) the transporter is amioride-
insensitive [101; and 3) the transporter is C02/HCO3-dependent
(see below).
The above studies demonstrate a Na-coupled HIHCO3 trans-
porter and a H/HCO3 conductance, Four pieces of evidence
demonstrate that the Na-coupled H/HCO transporter is the
"H/HCO3 conductance". First, Na removal from the peritubu-
lar perfusate leads to a SITS-sensitive cell depolarization [4, 5,
7, 11—131, a voltage change which is in the wrong direction for
a simple Na conductance. This SITS-sensitive depolarization
suggests that peritubular Na removal drives a transport mech-
anism that carries a net negative charge.
Second, Na removal from luminal and peritubular perfusates
prevents the cell alkalinization observed in response to cell
depolarization (increasing peritubular perfusate [K]), demon-
strating that the voltage-sensitive H/HCO3 mechanism is Na-
dependent [10]. Third, Na removal from luminal and peritubular
perfusates prevents the effect of a peritubular pH change on cell
voltage [111.
Fourth, studies in basolateral membrane vesicles prepared
from rabbit and rat cortex have demonstrated a paradoxical
effect of voltage on Na movement. In these studies, 22Na
uptake was enhanced by a positive intravesicular voltage in the
presence of C02/HCO3 [15—18]. Since Na is a positively
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charged ion, and itself would be repelled by a positive voltage,
these studies demonstrate that the uptake of Na occurs on a
transporter carrying negative charge.
In summary, in the proximal tubule greater than 90% of
basolateral membrane H/HCO3 movement, and all of electro-
genie, voltage-sensitive H/HCO1 movement is mediated by a
Na-coupled process. Numerous studies have demonstrated that
this electrogenic, voltage-sensitive, Na-coupled H/HCO3 trans-
porter operates in the complete absence of Cl [4, 14—18, 20—22].
Stoichiometry. As the Na-coupled H/HCO3 transport mech-
anism is electrogenic and carries a negative charge, the stoichi-
ometry of H/HCO3:Na must be  2:1. Three approaches have
been used to determine the stoichiometry [11, 231.
In the microperfused rat proximal tubule, a tenfold change in
peritubular perfusate [HCO3] caused a threefold greater cell
depolarization than a tenfold change in perfusate [Nal [11]. In a
second study, when peritubular perfusate [HCO] was lowered,
the rate of HCO3 effiux was three times faster than the rate of
Na efflux [111. Both studies suggest that the transporter has a
stoichiometry of 3(H/HCO3): 1 Na. A similar ratio was obtained
in rabbit basolateral membrane vesicles using a thermodynamic
approach, in which the effects of Na, HCO1, and voltage
gradients on net Na transport were examined [23]. Gradient
conditions associated with no net Na flux, indicated a stoichi-
ometry of 3(H/HCO3): lNa:2 negative charges [23].
Transported species. Studies in perfused tubules and baso-
lateral membrane vesicles have all found that the Na-coupled
transport mechanism has a requirement for C02/HCO3 [15—18,
24, 25]. In the rabbit proximal tubule, the transporter runs at 1/3
of its control rate in the absence of exogenous C02/HCO3 [26].
These results could be interpreted to mean either that the
transporter can operate in the absence of C02/HCO3, albeit at a
slower rate, or that endogenously produced C02/HCO3 is
sufficient to support some transporter activity. To differentiate
between these two possibilities, the effects of acetazolamide
and cyanide on transporter activity were examined. Acetazola-
mide inhibits the carbonic anhydrase catalyzed conversion of
CO2 + OH— —+ HC03, and thus should inhibit only transport
processes involving HCO3. In the absence of exogenous CO2/
HCO3, acetazolamide inhibited the response of pHi to a change
in peritubular perfusate pH or [Na] [26, 27], suggesting that in
the absence of exogenous C02/HCO3 transporter activity is
supported by endogenously produced C02/HCO3. In agree-
ment, peritubular SITS causes a cell hyperpolarization (inter-
preted to represent inhibition of a basolateral membrane
H/HCO3 current) that can be elicited in the absence of exoge-
nous C02/HCO3, but is inhibited by pretreatment with acetazol-
amide [28]. Although it is possible, albeit unlikely, that the
above described effects are due to inhibitory effects of acetazol-
amide on the transporter, studies have demonstrated that
acetazolamide does not directly inhibit the transporter [29].
If endogenous production of CO2/HCO3 is responsible for
exogenous C02/HCO3-independent transporter activity, then
transporter activity should be dependent on metabolism. In the
in vitro perfused proximal tubule, cyanide completely inhibited
the pHi response to peritubular perfusate Na removal in the
absence of exogenous C02/HCO1, and had no effect in the
presence of exogenous C02/HCO3 [26]. These studies demon-
strate the exogenous C02/HCO3-independent transporter activ-
ity is supported by endogenously produced C02/HCO3. Thus,
the Na-coupled H/HCO3 transport mechanism has a require-
ment for C02/HCO3.
The exact substrates have been further defined using baso-
lateral membrane vesicles [30, 31]. These studies demonstrated
that 22Na uptake is stimulated when carbonate (COp) concen-
trations are increased at constant [HCO3], that an inwardly-
directed gradient for sulfite (SOt), a structural analog of COY,
stimulates stilbene-sensitive, HCO3-dependent 22Na uptake,
and that one SO molecule is transported per Na molecule
[30]. Additional studies demonstrated that CO and SO
compete for a single divalent anion site, and that the divalent
molecule is not being transported as an ion pair with Na [30].
Thus, 1 Na, 1 HCO3, and 1 CO molecules are transported
simultaneously on three distinct transport sites, which thermo-
dynamically is equivalent to 1 Na:3 HCO3 molecules. For
simplicity only, we refer to this transporter as a NaJ3HCO3
symporter.
Distribution of the Na/3HC03 symporter. As evident from
the multiple studies described above, the NaJ3HCO3 symporter
has been found on the basolateral membrane of the superficial
proximal tubule in several species [3—19, 23, 25—31]. However,
in the mammalian S3 proximal tubule, evidence for a SITS-
sensitive, Na-coupled H/HCO3 transport mechanism has been
conflicting [23—35]. In addition, the symporter has been de-
scribed on the basolateral membrane of the rat cortical thick
ascending limb [36], and salamander diluting segment and frog
distal tubule (segments that share many transport properties
with the thick ascending limb) [37, 38]. It has also been
described in suspensions of canine proximal tubule cells [39],
and in a cultured epithelial cell line from African green monkey
kidney (BSC-1) [40].
Cl/HCO3 exchanger
The basolateral membrane Cl/HCO3 exchanger is present in
cells responsible for H secretion in the collecting tubule [41—46],
and has been best described in the rabbit inner stripe of the
outer medullary collecting tubule (OMCTi).
In OMCTi pHi increases upon bath Cl removal, and de-
creases upon Cl addition [43, 44]. Whereas the effect of bath Cl
on pHi can be explained by a C1IHCO3 exchanger, it is also
consistent with a simple Cl conductance operating in parallel
with a voltage-sensitive H/HCO3 pathway, possibly a H-trans-
locating ATPase or a H/HCO3 conductance. In OMCTi the
basolateral membrane has a large Cl conductance, and the
apical membrane H-translocating ATPase is believed to be
voltage sensitive [47—49]. To differentiate between these two
transport mechanisms, the effect of bath [Cl] on pHi was
examined in voltage clamped cells (high extracellular [K] and
valinomycin) [43]. If parallel conductances were responsible for
the observed effects of bath [Cl] on pHi, then in the presence of
a voltage clamp, bath Cl removal would have no effect on pHi.
However, when cells are voltage clamped, the effect of bath
[Cl] on pHi persists [43]. The ability of bath Cl removal to effect
a H/HCO3 flux in the absence of changes in cell voltage
demonstrates chemical coupling between Cl and H/HCO3.
In a second series of studies, the dependence of the basolat-
eral membrane H/HCO3 permeability on Cl was examined by
perfusing tubules in the absence of luminal and bath Cl, and
then rapidly decreasing bath [HCO3]/pH. If the effect of bath
[Cl] on pHi were mediated only by parallel conductive path-
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ways, one would not expect a significant effect of Cl removal on
basolateral H/HCO3 permeability. However, complete Cl re-
moval decreased the H/HCO3 by 90%, demonstrating that the
predominent basolateral membrane H/HCO3 transport mecha-
nism is Cl-coupled [43]. Taken together these two studies
provide strong evidence for direct chemical coupling between
Cl and H/HCO.
In the OMCTi the pHi response to rapid bath removal and
readdition of Cl is inhibited by DIDS, and can be demonstrated
in the complete absence of luminal and bath Na [43, 44]. This
latter finding suggests that this transporter is not a Na-depen-
dent C11HCO exchanger as present on the basolateral mem-
brane of the proximal tubule (see below). In addition, at least
2/3 of the effect of bath [Cl] on pHi is dependent on the presence
of exogenous C02/HCO3, suggesting that the transporter oper-
ates predominately as a Cl/HCO3, rather than a CIIOH ex-
changer [43]. Once again, the remaining 1/3 of transporter
activity may be due to endogenous C02/HCO3 production.
Relation to the red cell band 3 protein. Because this trans-
porter appears to be a simple CIIHCO3 exchanger, the question
arises as to whether it is similar to the band 3 CL'HCO3
exchanger of red blood cells. The band 3 transporter has been
purified and cloned, and its amino acid sequence derived [50].
The band 3 CIIHCO3 exchanger consists of two general regions,
an N-terminal cytoplasmic domain and a C-terminal membrane
spanning domain. A number of investigators have found stain-
ing of kidney tissue with antibodies against the red cell band 3
Cl/HCO3 exchanger. In general, these antibodies label the
basolateral membranes of type A intercalated cells (H secreting
cells) in the cortical and outer medullary collecting tubule
[51—551.
When a number of different antibodies against the red cell
band 3 CIIHCO3 exchanger are compared for their ability to
stain kidney sections, polyclonal antibodies against the cyto-
plasmic or membrane spanning domains are positive [53].
However, while monoclonal antibodies against the membrane
spanning domain stain the basolateral membrane, some mono-
clonal antibodies against the N-terminal cytoplasmic domain do
not stain the basolateral membrane [53]. This is in spite of the
fact that these antibodies stain red cells in the same histologic
sections. These studies suggest that the membrane spanning
region of the collecting tubule basolateral membrane Cl/HCO3
exchanger is similar to the red cell band 3 Cl/HCO3 exchanger,
but that there are some differences in the N-terminal cytoplas-
mic domain.
This has been confirmed by two studies with utilized a DNA
probe for the band 3 Cl/HCO exchanger to clone the rat and
mouse kidney CIIHCO3 exchangers [56, 57]. Both studies found
that the mRNA for the renal C1/HCO exchanger was similar to
that of the red cell band 3 C1/HCO3 exchanger, except that the
kidney mRNA was missing exons 1-3. Both sets of investigators
could find only one gene responsible for both Cl/HCO3 ex-
changers, and thus concluded that the difference between the
two mRNAs was due to alternative splicing.
In that the C-terminal, membrane spanning domain is respon-
sible for CIIHCO3 exchange and stilbene binding in the red cell
band 3 protein [501, these functions are probably similar be-
tween the red cell band 3 protein and the renal C1IHCO3
exchanger. In that the N-terminal, cytoplasmic domain is
responsible for attachment to the cytoskeleton [501, this is most
likely different in the renal, as compared to the red cell band 3,
protein.
In summary, the major transport mechanism for H/HCO3
movement on the basolateral membrane of proton secreting
cells of the collecting tubule is a Na-independent Cl/HCO3
exchanger. Although not specifically addressed, this trans-
porter is probably electroneutral, based on its similarity to the
red cell band 3 Cl/HCO3 exchanger which has been shown to
have a stoichiometry of 1 Cl:l HCO3 [50].
Distribution of the CIIHCO3 exchanger. In addition to the
proton secreting cells (type A intercalated cells) of the collect-
ing tubule, a simple CIIHCO3 exchanger has also been found on
the basolateral membrane of principal cells, although it is
relatively inactive, and on the apical membrane of the type B
intercalated cell (HCO3 secreting cell) [461. It has also been
identified in the proximal tubule and medullary thick ascending
limb, and in JTC-l2 cells (derived from monkey kidney proxi-
mal tubules) [14, 20, 22, 58, 59]. In the S2 proximal tubule, the
majority of apparent C1/HCO3 exchange is Na-dependent (see
below), but a small component of Cl-coupled H/HCO3 transport
remains when Na is removed from the luminal and peritubular
solutions [20, 22]. In the S3 proximal tubule only Na-indepen-
dent C1IHCO exchange is present [14]. In the medullary thick
ascending limb, cell volume is defended by a SITS-sensitive
mechanism, most simply interpreted as a Cl/HCO3 exchanger
[58].
Na-dependent Cl/HCO3 exchanger
In the proximal tubule, peritubular Cl removal leads to cell
alkalinization, and peritubular Cl addition leads to cell acidifi-
cation [20, 22, 601. Similarly, decreases in bath [HCO]/pH lead
to increases in cell Cl activity (ar') [22, 60]. Both effects are
blocked by disulfonic stilbenes.
These studies demonstrate apparent Cl/HCO3 exchange.
However, the following evidence suggests that the majority of
the 'C1/HCO3' exchange is coupled to Na: 1) decreases in
peritubular [Na] cause an increase in aF' [22, 60]; 2) the
Cl-induced pHi change is inhibited 85% by Na removal from the
luminal and peritubular perfusates [20, 22, 601; and 3) the
pHi-induced change in aF' is almost completely inhibited by Na
removal from the lumen and peritubular perfusates [60]. Taken
together, these studies suggest that the majority of Cl-coupled
H/HCO3 transport is Na-coupled.
Whereas these results are consistent with a Na(HCO3)2/Cl
exchanger, the presence of an electrogenic NaJ3HCO3 sym-
porter in the same membrane raises the possibility of parallel Cl
and NaI3HCO3 conductances. There are two pieces of data
favoring Na(HCO3)2/Cl exchange over parallel conductances.
First, in the proximal tubule the basolateral membrane Cl
conductance appears to be very small [7, 8, 61—631. Second, if
parallel conductances were responsible for the above results,
then luminal and peritubular Cl removal should not affect the
pHi response to a decrease in peritubular perfusate [HCO3]/pH
or [Na]. However, in the complete absence of Cl, the response
of pHi to a decrease in peritubular perfusate [HCO3]/pH or [Na]
is inhibited 20 to 35%, suggesting that about 1/3 of the basolat-
eral membrane H/HCO3 permeability is coupled to Cl [4, 21,
22]. Because, as described above, more than 90% of basolateral
membrane H/HCO3 permeability is coupled to Na, these results
suggest that a portion of the Na-coupled H/HCO3 movement
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involves a Cl-dependent process, which to operate in an
electroneutral mode [7, 8, 61—63], would function as a
Na(HCO3)2/Cl exchanger.
The Na(HCO3)2/Cl exchanger has not been characterized
molecularly. However, the eDNA for a band 3-related protein
has been cloned from renal cDNA libraries, and while it has
been believed that this mRNA would most likely encode for
a Cl/HCO3 exchanger somewhat different than the band 3
protein, it is equally possible that it could encode for a
Na(HCO3)2/Cl exchanger which would be related to, but not
identical to, the red cell band 3 protein [64]. Indeed, it has been
demonstrated that the band 3 Cl/HCO3 exchanger can function
in the NaCO3/Cl or LiCO3/Cl exchange modes [65, 661.
Na/H antiporter
Amiloride-sensitive NaJH antiporter activity has been re-
ported on the basolateral membranes of the thin descending
limb of Henle, cortical thick ascending limb, and cortical and
medullary collecting tubules (principal cells, and type A and B
intercalated cells) [36, 43, 44, 46, 67, 68]. In rat and rabbit
superficial proximal convoluted tubules, all basolateral mem-
brane Cl-independent, Na-coupled H/HCO3 transport is attrib-
utable to the NaJ3HCO3 symporter, and there is no evidence for
a basolateral membrane Na/H antiporter [10, 26, 331. In agree-
ment, in rabbit and rat cortical basolateral membrane vesicles,
there is no evidence for an amiloride-sensitive Na/H antiporter
[15—17, 69, 70]. In the S3 proximal straight tubule, and the most
juxtamedullary Si and S2 proximal tubules, basolateral mem-
brane Na/H antiporter activity has been found [32, 331. How-
ever, it appears that the majority of the mammalian proximal
tubule does not possess a basolateral membrane Na/H an-
tiporter. For a more thorough discussion of this transport
mechanism, the reader is referred to recent reviews [71, 72].
It is presently not clear whether the basolateral membrane
Na/H antiporter described above is the same antiporter as that
on the apical membrane of the proximal tubule. LLC-PK1/C14
cells (a cloned continuous cell culture line from porcine kid-
ney), have apical and basolateral membrane Na/H antiporters
which respond differently to amiloride analogues, the basolat-
eral membrane antiporter being 100-fold more sensitive [73]. It
is not presently clear whether this difference is due to different
Na/H antiporter genes, alternatively spliced mRNA's, post-
translational modifications, or the same protein in different
lipid/protein environments.
A human fibroblast Na/H antiporter has recently been cloned
[74]. Based on its amino acid sequence, it is predicted to be a
protein of 815 amino acids with 10 to 12 transmembrane
spanning regions at its amino terminal end, and a large cyto-
plasmic portion at the carboxyl terminal end. There is no
homology between the Na/H antiporter sequence and that of
any other cloned transport protein. The relationship between
this Na/H antiporter and the renal apical and basolateral mem-
brane antiporters has not been resolved.
In all nephron segments a basolateral membrane Na/H an-
tiporter would contribute to net base influx, and therefore,
would not contribute to transcellular HCO1 absorption. In fact,
its presence on HCO3 absorbing cells is counterproductive to
net transcellular HCO3 absorption. Most likely, the transporter
is involved in cell housekeeping functions, such as pHi and cell
volume defense (see below), and one might expect that it would
be relatively inactive in HCO3 absorbing cells under baseline
conditions (normal pHi and cell volume). However, in OMCTi
the removal of bath Na or addition of bath amiloride leads to a
cell acidification, suggesting that the Na/H antiporter is active
and transporting H in resting cells [43, 75].
H-translocating ATPase
An H-translocating ATPase has been purified from brain
clathrin coated vesicles and kidney medulla [76—79]. The
H-translocating ATPase contains multiple subunits, some of
which function as a proton pore, and some of which hydrolyze
ATP [79]. The H-translocating ATPase is distinct from previ-
ously described E1-E2 pumps, such as the H-K ATPase, and
from F0-F1 ATPases, such as the mitochrondrial H-translocat-
ing ATPase. It is inhibited by N-ethylmaleimide (NEM) or
N,N'-dicyclohexylcarbodiimide (DCCD), but is not affected by
vanadate.
Antibodies raised against purified subunits of the H-translo-
eating ATPase have been found to label basolateral membranes
in the kidney [80]. In the thin descending limb of Henle, there is
staining on both the apical and basolateral membranes, with
more intense staining present on the apical membrane. The role
of this basolateral membrane H-translocating ATPase is un-
known.
In the distal nephron antibody staining of the basolateral
membrane has been shown on some intercalated cells in the
cortex [55, 81]. These cells are adjacent to other intercalated
cells that stain only on the apical membrane. Cells with heavy
apical labelling show little or no basolateral labelling, and vice
versa, providing evidence for two populations of intercalated
cells. Intercalated cells with apical membrane H-translocating
ATPases are thought to be responsible for proton secretion,
while intercalated cells with basolateral membrane H-translo-
eating ATPases are thought to mediate HCO3 secretion [481.
H leak
As mentioned earlier, the electrochemical gradient across the
basolateral membrane of all segments favors passive base
(HCO3 or OH) efflux or acid (H) influx into the cell. Thus, a H
leak across the basolateral membrane could contribute to net
transcellular HCO3 absorption, as it is equivalent to base efflux.
The H permeability of the basolateral membrane of the proxi-
mal tubule is 0.67 cm/sec. Using this value, the calculated rate
of H influx across the H leak under physiologic conditions is
about 4 pmol/mm - mm [821, approximately 3% of basolateral
membrane base efflux under physiologic conditions [83].
Role of basolateral membrane H/HCO3 transporters
Transcellular HCO3 transport
All along the nephron acidification processes involve energy-
dependent mechanisms of H secretion across the apical mem-
brane and passive base efflux across the basolateral membrane.
Figure 1 shows that of the six basolateral membrane H/HCO3
transport mechanisms, three are energetically favored to run in
the base efflux/acid influx direction (Na/3HC03 symport, Cl/
HCO3 exchange and H leak), and thus, could contribute to
transepithelial HCO3 absorption.
Proximal tubule. The proximal tubule contains all three of the
base-equivalent efflux transport mechanisms. However, as de-
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scribed above, the rate of the H leak pathway is too small to
play a role in transcellular HCO3 absorption. It is unlikely that
the Cl/HCO3 exchanger plays a significant role in this process
because: 1) the activity of the transporter is low [20, 22, 60]; and
2) Cl removal from both the luminal and peritubular perfusates
has no effect on rates of transepithelial HCO3 absorption [62,
84, 85].
There are several pieces of evidence which suggest that the
Na/3HC03 symporter is the major mechanism of basolateral
membrane base efflux. First, >90% of basolateral membrane
H/HCO3 permeability is dependent on the presence of Na, and
70 to 80% is Cl-independent [4, 5, 9, 11—13, 20—22]. Second,
SITS, an inhibitor of the NaI3HCO3 symporter, inhibits trans-
epithelial HCO3 absorption when applied to the peritubular
surface [86]. Third, the stoichiometry of the Na/3HC03 sym-
porter allows it to run passively in the base efflux mode [11, 23].
Fourth, cell depolarization with peritubular barium, which
would secondarily inhibit a voltage-sensitive base efflux mech-
anism, inhibits transepithelial HCO3 absorption [62]. Fifth,
removal of Na from the luminal and peritubular perfusates
inhibits >90% of transepithelial HCO3 absorption [87], While
this Na dependence was initially believed to reside on the apical
membrane with the Na/H antiporter, more recent studies have
found that the Na/H antiporter is responsible for only 65% of
apical membrane H secretion mediating transepithelial HCO3
absorption [83]. The >90% inhibition of transepithelial HCO3
absorption by luminal and peritubular Na removal is most easily
explained by >90% inhibition of basolateral membrane HCO3
efflux.
Loop of Henle. HCO3 is absorbed in the rat cortical and
medullary thick ascending limbs, although at a much slower
rate (5 to 10 pmol/mm . mm) than in the proximal tubule [88]. A
basolateral membrane NaJ3HCO3 symporter has been found in
the rat cortical thick ascending limb, and the salamander
diluting segment and frog distal tubule (segments with functions
similar to those of the mammalian thick limb) [36—38]. In the rat
cortical thick ascending limb HCO3 absorption is Na depen-
dent, and inhibited by luminal amiloride, suggesting a role for
an apical membrane Na/H antiporter in this process [89]. The
presence of an apical membrane Na/H antiporter and basolat-
eral membrane NaJ3HCO3 symporter in this bicarbonate ab-
sorbing epithelium suggests marked similarities in this process
between the thick ascending limb and the proximal tubule.
Thus, although a role for the Na/3HC03 symporter in transepi-
thelial HCO3 absorption has not been proven in this segment, it
is likely.
Collecting tubule. The type A intercalated cell is responsible
for HCO3 absorption in the collecting tubule [48]. This cell
stains positively on the apical membrane with antibodies di-
rected against the H-translocating ATPase [55, 811, and on the
basolateral membrane with antibodies against the Cl/HCO3
exchanger [53—55]. In addition to the Cl/HCO3 exchanger, the
only other H/HCO3 transport mechanism thought to exist on
the basolateral membrane of this cell is an Na/H antiporter,
which, as mentioned above, would be counterproductive to net
HCO3 absorption.
In the in vitro perfused OMCTi, HCO3 absorption is com-
pletely abolished by the removal of bath Cl, is inhibited 80% by
the addition of bath SITS, and is unaffected by the removal of
Na from both luminal and bath perfusates [90—91]. Thus, it is
likely that the basolateral membrane C1/HCO exchanger me-
diates transcellular HCO3 absorption.
The basolateral membrane H-translocating ATPase present
in the cortical collecting tubule is most likely responsible for H
efflux mediating transcellular HCO3 secretion. The basolateral
membrane H-translocating ATPase has been localized to the
type B intercalated cell which has an apical membrane CI/HCO3
exchanger [46, 55]. Two pieces of evidence suggest a role of the
basolateral membrane H-translocating ATPase, rather than the
basolateral membrane Na/H antiporter, in HCO3 secretion: 1)
rates of transepithelial HCO3 secretion are unaffected by com-
plete Na removal, and 2) bath amiloride does not affect rates of
HCO3 secretion [92, 93]. Thus, active basolateral membrane H
efflux cannot be attributed to a Na-coupled process, and must
be mediated by a transport mechanism directly coupled to
energy, such as a H-translocating ATPase.
In summary, as shown in Figure 2, our present understanding
of renal acidification is that the proximal tubule and loop of
Henle utilize Na-coupled processes on both the apical and
basolateral membranes, whereas the collecting tubule utilizes
Na-independent transport mechanisms. The net effect is that
A Na dependent
H
B Na independent
Na
co3-2
HCO
HC03
ci-
Fig. 2. Models of transcellular HCO3 transport.
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HCO3 absorption in the proximal tubule, but not in the collect-
ing tubule, is associated with Na absorption.
The coupling of Na to HCO3 transport on the basolateral
membrane of the proximal tubule may be an energetically
favorable way of utilizing the HCO3 gradient for Na transport.
In the proximal tubule, most of apical membrane H effiux
occurs with Na influx [831. The Na must then exit the cell.
While the NaJK ATPase can remove this Na at the expense of
ATP consumption, the NaI3HCO3 symporter offers the oppor-
tunity for Na effiux without additional ATP consumption. Thus,
while HCO3 can passively leave the cell alone, its coupling to
Na allows energically 'free' Na transport.
A second possible reason for utilizing Na-coupled transport
mechanisms on both membranes is to provide a mechanism
whereby changes in cell [Na] can regulate H/HCO3 transport-
ers. Both the NaJH antiporter and Na/3HC03 symporter have
been shown to be regulated by cell [Na] (see below) [4, 87, 94].
This may help to keep the NaIH antiporter and Na/3HC03
symporter running at similar rates such that large oscillations in
pHi are prevented.
In the collecting tubule, Na absorption and H secretion occur
in separate cells. In the absence of a Na entrance pathway on
the apical membrane of H secreting cells, it would be difficult
for sufficient Na to be available for the basolateral membrane
HCO3 effiux transport mechanism to be Na-coupled.
Transcellular Cl absorption
As depicted in Figure 1, the Na(HCO3)2/Cl exchanger is
energetically favored to run in the NaHCO3 influx/Cl efflux
mode. Thus, this transport mechanism, identified on the baso-
lateral membrane of the proximal tubule, may play a key role in
basolateral Cl efflux. Thus far, only one other possible Cl effiux
pathway, a KCI symporter, has been identified on this mem-
brane [7, 8, 61—63, 95]. The relative roles of these transport
mechanisms in Cl absorption is unknown.
Housekeeping functions
Control of pHi. Basolateral membrane H/HCO3 transport
mechanisms appear to dominate control of pHi. In the rat
proximal tubule, when peritubular pH was decreased 0.7 pH
units, pHi decreased by 0.32 pH units [94]. When a similar
change was made in the composition of the luminal perfusate,
pHi decreased only 0.08 pH units. When the apical membrane
studies were repeated in the presence of peritubular SITS, pHi
decreased 0.19 pH units, demonstrating that in the former
studies, the basolateral membrane Na!3HC03 symporter was
defending pHi, and masking the ability of the apical membrane
transporters to change pHi. Similar findings were reported in
the rabbit proximal tubule [96].
In the OMCTi the basolateral membrane H/HCO3 transport-
ers are also more influential than the apical membrane trans-
porters in controlling pHi [43]. In this segment, when bath pH
was lowered 0.7 pH units, pHi decreased 0.28 pH units, while
a similar change in the luminal perfusate resulted in only a 0.04
pH unit change [43].
In the rabbit proximal tubule, pHi defense from an acute cell
acidificationlalkalinization is inhibited by Na removal, but not
by Cl removal [96]. This Na-dependent pHi recovery is medi-
ated by the basolateral membrane, SITS-sensitive NaI3HCO3
symporter in response to both acid and alkali loads, and by the
apical membrane, amiloride-sensitive Na/H antiporter in re-
sponse to acid loads only [96].
Since a basolateral membrane Na/H antiporter would be
counterproductive to transcellular HCO3 absorption, it is likely
that the role of this transporter is also related to pHi defense.
Indeed, recovery of pHi from an acute intracellular acidification
is, at least, partially dependent on the basolateral membrane,
amiloride-sensitive Na/H antiporter in the Ambystoma proxi-
mal tubule, rabbit outer medullary thin descending limb of
Henle, rat cortical thick ascending limb, and rabbit inner stripe,
outer medullary collecting tubule [24, 36, 44, 67, 75].
Cell volume regulation. In the medullary thick ascending limb
of Henle parallel Na/H and Cl/HCO3 exchangers on the baso-
lateral membrane have been found to participate in defense of
cell volume [58].
Regulation of renal acidification at the level of the basolateral
membrane HIHCO3 transport mechanisms
The above findings demonstrating that changes in peritubular
pH have large effects on pHi, and changes in luminal pH have
small effects on pHi, suggest that the basolateral membrane
transporters change their rate rapidly in response to changes in
apical membrane transport, and thus, apical membrane trans-
porters are rate-limiting. While regulation of biologic processes
most frequently occurs at the rate-limiting step, it is not
uncommon for regulation to occur at two steps. Indeed, it
appears that significant regulation of H/HCO3 transport occurs
at the level of both the apical and basolateral membranes. As
this has been studied mainly in the proximal tubule, we will
confine our discussion to this segment.
Acute regulation of the Na/3HC03 symporter
Given that the NaI3HCO3 symporter is electrogenic, Na-
coupled, and transports more than one base species (HCO and
COY), its regulation is expected to be complex. In rabbit
basolateral membrane vesicles transporter rate is a saturable
function of extravesicular [Na] with a KNa ofapproximately 10
mM [15, 16]. As this KNa pertains to the external Na depen-
dency, it relevance to cell Na dependency is unclear. If the KNa
of 10 m applies to the internal Na binding site, intracellular
[Na] ([Na]1) could be an important regulator of transporter rate.
The regulation of base efflux by [Na]1 has been demonstrated
in rat proximal tubules [94]. In the in vivo microperfused
tubule, when luminal Na was removed, pHi decreased initially,
and then increased to a steady state value higher than the
control value. This late alkalinization was inhibited by peritu-
bular SITS, and was due to slowing of NaHCO3 efflux on the
basolateral membrane NaJ3HCO3 symporter in response to
decreased [Na] [94].
Because HCO3 and CO are substrates for the NaJ3HCO3
symporter, the transporter should be sensitive to [HCO3] and
pH. In the microperfused proximal tubule, changing peritubular
[HCO3] from 25 to 5 mrvt [10] or from 25 to 45 m [87] causes a
rapid change in pHi, consistent with regulation of the NaJ
3HC03 symporter by peritubular [HCO3]. While regulation of
transporter rate by cell [HCO3] has not been demonstrated, it
has been shown that the NaJ3HCO3 symporter defends pHi,
and is most likely responding to changes in pHi and intracellular
[HCO3].
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Because the transporter carries net negative charge, its rate
can be regulated by cell voltage, as discussed above [101.
However, the precise quantitative relation between transporter
rate and voltage has not been determined.
Chronic regulation of the Na/3HC03 symporter
Chronic metabolic acidosis [971, respiratory acidosis [98],
potassium deficiency [86], and hyperfiltration [99] are all asso-
ciated with an increased capacity of the proximal tubule to
reabsorb HCO. In all of these chronic conditions, the activities
of both the apical membrane Na/H antiporter and basolateral
membrane Na/3HC03 symporter are increased in parallel [21,
99—1031.
Hormonal regulation of the Na/3HC03 symporter
Both parathyroid hormone (PTH) and angiotensin II have
been found to regulate proximal tubule HCO3 absorption. PTH
inhibits HCO3 absorption and inhibits the Na/H antiporter, but
alkalinizes the cell [48, 104—106]. The cell alkalinization sug-
gests inhibition of the NaJ3HCO3 symporter. Similarily, angio-
tensin II, which increases HCO3 absorption, increases Na/H
antiporter and NaI3HCO symporter activities in parallel [107,
108]. Lastly, protein kinase A and protein kinase C regulate the
NaJH antiporter and Na/3HC03 symporter in parallel [1091.
Thus, regulation of proximal tubule HCO3 absorption occurs
in parallel at the apical and basolateral membranes, allowing
marked changes in rates in HCO1 absorption to be associated
with minimal changes in cell composition (pHi, [Na11).
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